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Abstract
To further the efforts to do scanning tunneling microscopy in
pulse tube refrigerators, vibration measurements were carried out
to characterize the coupling of the pulse tube frequency into the
STM tip current in a system with a new vibration damping
mechanism consisting of a copper plateau suspended on springs.
Vibration spectra were measured at room temperature and at
Kelvin. An in-situ sample cleaving mechanism was designed and
partially tested.

Chapter1
Introduction
Though the concrete objective of the project this report is a summary of
had changed a couple of times in its course, the global idea was and al-
ways remained to contribute to the endeavor to do Scanning Tunneling
Microscopy at low temperatures, inside a pulse tube refrigirator (PTR) or
dilution refrigirator (which uses a pulse tube mechanism for pre cooling).
For the advantages of that cooling mechanism to be exploited, the obsta-
cle of vibrations due to the pulse tube must be overcome. The pulse tube
pulses at a frequency of 1.4 Hz and the vibrations it causes in the entire re-
frigerator make it impossible to do STM without taking proper vibration
damping precautions. Atomic resolution scanning tunneling microscopy
in a dilution refrigerator has already been achieved in this group by Arhur
den Haan and others, through the use of a number vibration damping
modifications on one of the groups dilution refrigerators [1]. This report
focuses on diagnostic measurements taken on a different refrigerator, the 4
Kelvin pulse tube refrigerator owned by the Tjerk Oosterkam group, with
a substantially simpler vibration damping system for facilitating STM con-
sisting essentially out of a single very low resonance frequency mechan-
ical oscillator. Some results from the dilution refrigerator experiment are
included in this report for comparison. In many ways this project was the
continuation of a previous student project by Jeroen Meringa, and a lot
elements used in this project are elaboratley described in his report. For
that reason, I have chosen to focus this report on the presentation of only
the results of this project which are new, and which may be of use to the
group in the future. Despite the previous work, this report is intended to
be a stand-alone document and an overview of the setup is given in order
to achieve that and to explain the circumstances under which the measure-
ments presented here were done. More detailed descripions of many of the
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used devices can be found in the report by Jeroen Meringa [2]. The new
part presented here consists of vibration measurements at the PTR oper-
ating temperature of 4 Kelvin and during an STM experiment, as well as
preliminary measurements at room temperature for comparison and diag-
nostics. Some preparatory work on an in-situ sample cleaving mechanism
was also done and is reported.
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Chapter2
Setup
This chapter is devoted to a description of the setup the measurements in
this report were conducted on and a brief outline of a different setup pre-
viously used by Arthur den Haan et. al. to achieve atomic resolution in
a 15 mK environment [1]. The latter is included because comparisons are
drawn in subsequent chapters of this report between the vibration damp-
ing characteristics of both setups. The measurements in this document
were done using a Scanning Tunneling Microscope which was placed on
a suspended copper platau in the 4 Kelvin PTR. The mass of the copper
plateau combined with the titanium springs used to suspend it constitues
a mass-spring sysmtem of very low (∼ 0.6 Hz) resonance frequency so that
it is capable of dampening the vibrations induced by the 1.4 Hz pulse tube
of the refrigerator. The presentation of the used setup will be confined
to the elements necessary to understand the measurements presented in
subsequent chapters and to make this report a stand-alone document. A
comprehensive description of the setup is available in the document STM
in a PTR by Jeroen Meringa [2], the previous student to have worked on
this setup.
2.1 The 4 Kelvin PTR with the suspension sys-
tem
A schematic picture of the 4 Kelvin PTR with vibration damping mass-
spring system is presented in figure 2.1. The pulse tube of the refrigera-
tor works at a frequency of 1.4 Hz and the vibrations it produces couple
strongly to the 4 Kelvin plate where experiments are placed. Due to the
extreme sensitivity to vibrations of the STM technique, it would be impos-
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Figure 2.1: Schematic representation of the 4 Kelvin PTR with vibration damp-
ing mass-spring system. Cross sectional side view schematic. Several important
elements are indicated.
sible to conduct tunneling experiments if the microscope was attached to
the 4 K plate itself. Instead, the microscope is placed on a copper plateau
which is suspended from the 4 Kelvin plate using three springs. The re-
sulting mass-spring system acts as mechanical low-pass filter for vibration
damping whith a cutoff frequency equal to the resonance frequency of the
mass-spring system.
When the plateau with a mass of around 8.5 kg is attached, the springs
extend to about 0.9 m (the available height in the Inner Vacuum Chamber
of the PTR is 1 m), under which circumstances the system has a resonance
frequency of about 0.6 Hz∗ [2].
∗The actual mass of the plateau (and therefore the resonance frequency of the system)
varies depending on what is placed on it, with extra weights available for fine tuning.
For a detailed description and calculation see section 2 of Jeroens report [2]
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To ensure that the plateau thermalizes, a copper rod extending down to
the plateau is attached to the 4 Kelvin plate and is connected to the plateau
with curled up strips of copper tape. The spring constant of the tape is low
enough to not nullify the dampening function of the springs [2].
In addition to the STM, a low temperature thermometer with a working
range of up to 16 Kelvin was attached to the copper plateau. The ther-
mometer was used to verify that the plateau is properly thermalized by the
weak connection to the copper rod, and to determine the warmup time of
the plateau upon turning off the pulse tube. This could be useful if the vi-
bration damping proves insufficient and people wish to turn off the pulse
tube for the duration of a measurement. A graph is presented in figure
2.2 showing the temperature of the copper plateau with STM vs time after
turning off the pulse tube at 4 Kelvin.
Figure 2.2: Temperature vs time after turning off the pulse tube near the 4 K
operating temperature of the PTR. The temperature is measured on the copper
plateau.
2.2 The STM and electronics
A schematic picture of the STM used in the experiments is shown in fig-
ure 2.3. The microscope comprises a fine-stage piezo tube glued into a
hexagonal Sapphire slider sealed into a Titanium body by three sets of
piezo stacks. The Sapphire slider and piezo stacks constitute a stick-slip
coarse approach mechanism. The STM itself is described in more detail
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in Jeroens report, source [2]. A new sample stage was created with a ca-
pacitance readout system described in chapter 4 of this report and was
outfitted with an impovised heater, consisting of a Constantan wire with
a resistance of 6 Ω coiled around a screw and attached to the center of the
sample stage with stycast. The heater can be used to make sure that the
samples are the warmest part of the setup while it is being cooled down in
order to prevent contaminant particles from diffusing to the sample sur-
faces.
At the time of the measurements in this report, the new rotating stage
had been outfitted with the piezoknob motor, as indicated in figure 2.2,
intended for use with an in-situ sample cleaver. The pair of devices is
described in more detail in chapter 4 of this report.
The electrical link between the external electronics and the devices on the
plateau (The actual STM and the thermometer) is a cable containing 24
wires which is thermalized at the 4 Kelvin plate and at the copper rod
ensuring that there is no temperature gradient in the cable. The final con-
nection between the STM and that cable is a bundle of loose copper wires
connected to the cable at the thermalization point on the rod. The thermal-
ization ensures that the wires do not cause a heat leak, and their stiffness
is too low to cause vibrations from the outside world to couple to the STM
plateau, so they do not cause any significant problems.
The one important exception is the readout cable for the tunneling current.
This is a separate coaxial cable and it, like all the others, is thermalized at
the 4 Kelvin plate which vibrates due to the pulse tube. The vibrations
Figure 2.3: Schematic of the STM featuring a hexagonal sapphire slider with a tip
aiming at a rotating sample stage, a top part which goes over the slider is taken
off and not depicted here. The slider is held in place by three sets of piezo stacks
which are the working part of a stick slip mechanism.[2]
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cause a current in the wire due to microphonics, i.e. the vibrations cause
the capacitance of the cable to change in time which results in a current
through:
Q = CV
I =
dQ
dt
=
dC
dt
V
The effect of microphonics is best reduced by the right choice of cable,
and a CuAg (Copper core lined with Silver) cable was used for this reason
[2]. Measurements in the next chapter of this report confirm that with
this cable, microphonics no longer cause vibrations from the pulse tube to
couple into the tunneling current.
2.3 The dilution refrigirator Little snowman
The dilution refrigirator better known as Little snowman was used in the
past to achieve atomic resolution on HOPG in a 15 mK environment de-
spite the vibrations caused by the pulse tube in that system. A number of
vibration isolation measures were taken to make that possbile and vibra-
tion spectra on that system are well documented [1]. A schematic of the
Little snowman with vibration isolation measures is displayed in figure 2.4
and is intended for comparison with the setup in figure 2.1.
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Figure 2.4: The Little snowman when it was used to achieve atomic resolution
on HOPG at 15 mK. Vibration-reducing modifications of the factory design are
indicated in red.[1]
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Chapter3
Vibration measurements
Results of vibration and noise level measurements with and without the
pulse tube at room temperature and at 4 Kelvin are presented and dis-
cussed in this chapter. Room temperature measurements to determine
interference due to microphonics were carried out as well as geophone
measurements on the suspended plateau to determine vibrations at the
location of the STM. Tunelling current spectra at 4 Kelvin were measured
both out of tunneling (far away from the surface) and in tunneling at two
different values of the tunneling setpoint current. Where applicable, the
data is compared to the corresponding data from the microscopy experi-
ment in the dilution refrigerator.
3.1 Room temperature measurements
In order to characterize microphonics due to the pulse tube, the tip cur-
rent spectrum was measured while the STM was attached to the PTR only
through the CuAg wire leading to the tip, which is mechanically con-
nected to the 4K plate for thermalization. Basically, the STM was on a
chair underneath the PTR. The specta obtained with the pulse tube on and
off are presented in figure 3.1.
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Figure 3.1: Tip current specra with the pulse tube on and off at room temperature.
There are no visible peaks at the pulse tube frequency of 1.4 Hz and its harmonics.
For this measurement, the STM was on a chair below the setup and was attached
to the PTR only through the cable connecting the tip to the PTR only through the
cable connecting the tip to the 4K Plate. Microphonics in the cable are negligible.
Figure 3.1 shows no visible peaks at the pulse tube frequency of 1.4 Hz or
any of its higher harmonics nor any noticable deviation from the noise lev-
els with the pulse tube off indicating that microphonics are not the cause
of significant interference (at least, at room temperature). The large 50 Hz
peak is a result of the fact that the STM was completely exposed, with all
its other electronics unplugged and the only connection to ground being
the shield of the CuAg cable (which is actually not connected to the body
of the STM), at the time of the measurement. The 50 Hz interference was
significantly diminished by introducing a common ”clean” ground for the
measurement and control electronics and the frame of the PTR.
Geophone measurements were carried out at the location where the STM
would be attached to the suspended plateau. Vibration spectra were taken
for both vertical and horizontal displacement, and for the pulse tube on
and off. Results of the vibration measurements are presented in figure
3.2. In figure 3.3, the results of comparable measurements in the dilution
refrigerator are shown. The comparison is not completely valid as the
geophone measurements in the Little Snowman were done on the 3K plate
of that setup.
The 1.4 Hz PT frequency is clearly present at the plateau as well as several
14
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Figure 3.2: Geophone measurements on the suspended plateau. Results for the
PT on and off are shown. (Left) Spectrum for vibrations in the vertical direction.
(Right) Spectrum for horizontal direction. The clear peaks that can be observed
in both pictures with the PT on are at the PT frequency of 1.4 Hz and several of
its next harmonics, as indicated by the vertical blue lines in the Left figure.
of its higher harmonics.
Figure 3.3: Geophone measurement at the 3 Kelvin plate of the dilution refriger-
ator, figure 2.3 [1]
3.2 4 Kelvin tunneling spectra
Spectra of the tip current were measured upon cooling the setup down to
the working temperature of 4 Kelvin. The spectrum was measured with
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no tunneling current, with a tunneling current just above the noise level
(tunneling current setpoint ≈ 50 pA) and with a tunneling current set-
point of 1 nA. The results of the measurement are depicted in figure 3.4
(Left), where they are compared with the corresponding measurement in
the dilution refrigerator (Right).
The pulsetube frequency of 1.4 Hz cleary couples into the tunneling cur-
rent, with up to its 36’th harmonic (50.4 Hz) still discernable by eye, though
it is not indicated in the graph. Note that the pulse tube is not visible out
of tunneling. The results in this graph are in fact audible if one outputs
the tip current signal to headphones: while the approach is ongoing only
the background noise can be heard, but the establishment of even the fein-
test tunneling current is invariably accompanied by the very clear 1.4 Hz
beating of the pulsetube. The fact that the pulse tube is not visible in the
spectrum when the microscope is out of tunneling underscores that mi-
crophonics is not the cause of the coupling. The vibrations transmitted to
the plateau must therefore be the cause, the mass-spring system cannot
dampen the vibrations entirely, and the lifting of the pulse tube will be
necessary in the future.
Figure 3.5 shows the squared integrated spectrum of the 1 nA setpoint
curve. Steps are visible at each of the pulsetube harmonics, corresponding
to the peaks in the spectrum graph. Also plotted is the white noise base-
line, which was obtained by fitting a function to the baseline (so ignoring
the peaks) of the spectrum in figure 3.4 (Left) by hand, and then squaring
and integrating. The figure shows that a reduction of the pulse tube inter-
ference of a factor of about three (the spectra are squared) will bring the
tunneling current to within about 20 percent of the noise baseline. This is
a rough, ”by eye” estimate as the inprecise noise baseline curve precludes
giving precise numbers. It shows however that a reduction of beyond a
factor of about three or four will not be effective in the sense that the white
noise becomes the predominant source of noise in the setup.
16
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Figure 3.4: Tunneling spectra at 4 Kelvin. Left: The tunneling spectra in the 4
Kelvin PTR setup, with a spectrum when the STM was not in tunneling, a spec-
trum with a tunneling current setpoint of 50 pA and one with setpoint 1 nA. The
vertical blue lines indicate several Pulse tube harmonics. The harmonics are not
visible in the out-of-tunneling situation. Right: Tunneling spectra from the dilu-
tion refrigerator for comparison [1].
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Figure 3.5: Squared and integrated 1 nA tunneling current setpoint spectrum. Also
depicted is the noise baseline, obtained by fitting a curve to the baseline of the spectrum
in figure 3.4 (Left) by hand. The part attributable to the pulse tube is approximatley twice
the noise baseline along the shown frequencies. Steps are visible at every pulse tube
harmonic.
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Chapter4
Sample preparation at 4 Kelvin
Due to the fact that the PTR needs about two days to cool down to its
operating temperature of 4 Kelvin, extra steps need to be taken to facil-
itate measurements of samples which deteriorate quicker than that after
preparation. For this reason a technique is in development that will allow
sample cleaving inside the PTR, at 4 Kelvin temperatures. The technique
consists of an electromagnet-driven sample cleaver nicknamed the ”Bat-
tering Ram” and must be used in conjunction with a rotating sample stage.
This chapter is devoted to the description of the technique and these two
elements. A schematic picture of the two elements is given in figure 4.1,
and the way they are meant to be mounted onto the actual STM setup is
depicted in figure 4.2, at the end of this chapter.
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Figure 4.1: Battering ram and sample cleaver schematics. (Left) A cross section
of the battering ram, depicted are the copper coil and the ram incased in a box.
(Right) A schematic of the Rotating stage. The stage can rotate due to a pizoknob
motor, while the STM tip always aims at the same position, marked here by the
white cross. Four protrusions of different length are built into the stage as an aim-
ing mechanism which can be read out dut to the different capacitance owing to
different distance to the capacitance readout. Also indicated is an example trajec-
tory along which the sample cleaver battering ram would stirke if implemented.
4.1 Battering Ram
A design was made for cleaving STM samples inside the vacuum chamber
and at low temperatures. The design conists of a movable element (the bat-
tering ram) made out of soft ferromagnetic material and a copper coil for
producing a magnetic field to propel the battering ram. A spring pulls the
battering ram into retracted position if the magnetic field of the coil cannot
overpower it .A target in the form of small pole will be attached to samples
due for cleaving inside the refrigerator which the ram will knock off of the
target, thereby taking the surface layer to which the target was attached off
of the sampe, effectively cleaving it. This procedure is not possible while
the sample is located below the tip position, as the tip would be in the
trajectory of the cleaver. For this reason, the cleaver will be positioned to
aim at a different location than the tip, and the rotating stage will be used
to place samples due for cleaving into the trajectory of the ram. As the
ram must be able to operate at low temperatures, it is imperative to know
how much heat it will be producing when current starts flowing through
the coil, in order to avoid conflict with the cooling mechanism. Therefore
the resistance of the coil at 4 Kelvin had to be determined. This was done
by cooling the cleaver in liquid helium with a dipstick and conducting a
20
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simple four point measurement over the coil. The resistance of the coil
at 4 K was determined to be 0.37 Ω. To determine the threshold voltage
over the coil required to to propel the ram, a simple electrical circuit was
constructed such that the circuit would be closed if the ram touches a cop-
per target, which would occur only if it had rammed. A lamp outside the
liquid helium would light up if the circuit was closed. The simple setup
described here turned out to be unnecessary however, as the impact of the
ram could easily be heard from inside the helium dewar as its threshold
voltage was reached. The threshold voltage was in this way determined
to be 1.05 ± 0.03 V. With the resistance of 0.37 Ω, this corresponds to a
power output of 3.0 W. It is noteworthy that the ram remains in rammed
mode until the coil voltage is lowered to about 0.460 V, the actual value
varied around this value, but always remained significantly lower that the
ramming threshold voltage. The 3 W heating power of the ram is a lot
compared to the 1 W cooling power of the pulse tube refrigerator, so the
battering ram should be used only in short bursts to avoid heating up the
system. The duration of the pulses can be less than one second. The en-
ergy dissipated in the battering ram can easily be absorbed by the copper
plate upon which it is mounted without heating up significantly.
Version of October 1, 2015– Created October 1, 2015 - 10:43
21
22 Sample preparation at 4 Kelvin
4.2 Rotating Stage
The rotating stage is mounted on a thinner titanium cylinder which rests
in a thick titanium casing designed to be inserted into the body of the
STM. The cylinder is not in direct contact with the casing, but rests on a
number of titanium balls. This design was chosen in order to minimize
displacement of the stage as the setup contracts due to cooling down. A
piezoknob motor is attached to the other side of the cylinder on which the
stage is mounted, as depicted in figure 2.3. The stage itself is a thin cop-
per plateau mounted onto the titanium cylinder, from which it is isolated
electraically, which must be the case as the titanium is at ground potential.
Inside the PTR it is impossible to see what is located under the STM tip
so in order for the rotating stage to be of any use, a mechanism had to be
designed to determine it. It was chosen to determine position by means
of a capacitance measurement: the titanium cylinder onto which the stage
is mounted was built with four protrusions of different length (measured
from the center of the stage), with a rectangular flat surface having the
same surface area at the end of each protrusion. Another plate was placed
on the titanium casing, as indicated schematically in figure 4.1 (Left), which
would serve as one plate of a parallel plate capacitor when one of the pro-
trusions is directly opposite. The capacitance would be different for each
of the four protrusions due to the inverse proportionality between capac-
itance and distance. A measurement of this capacitance would therefore
determine the orientation of the rotating stage.
Indicated in figure 4.1 (Left) is a coaxial cable for the capacitance readout.
The core of this cable is connected to the readout plate, but the shield is
connected to system ground. The titanium body with the protrusions, and
thus the other terminal of the capacitor, are also at system ground. This
means that the readout plate and the system ground (which is the rest of
the setup) together form a two terminal capacitor, making it impossible
to determine the absolute capacitance between readout plate and rotating
stage (the capacitance of a couple of meters of coaxial cable is easily more
than the capacitance of such a configuration). However, due to the fact that
the capacitance between readout plate and rotating stage is much bigger
when there is a protrusion opposite it than when there is none, it is still
easy to determine when the plate is facing a protrusion by detecting a
change in the relative capacitance being measured.
The difference in capacitance between the protrusions is around 10 pF, and
if one has a reasonably sensitive capacitance bridge setup it is possible to
determine which of the protrusions is being measured and therefore also
the orientation of the stage. Room temperature tests of this aiming mech-
22
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anism showed that it allows determination of the orientation of the stage
with enough accuracy to allow for sample cleaving, though a full cleav-
ing procedure has not been tested. Testing at 4 Kelvin has not yet been
possible as the piezoknob motor did not work during the measurement
run.
Though the room temperature test was successfull, the fact that one of the
capacitor terminals is connected to system ground makes the measured
capacitance highly susceptible to fluctuations and all kinds of external in-
fluences. It is advisible to modify the setup in such a way to make the
measurement of the absolute capacitance between readout plate and the
sample stage possible. An example modification, if possible, would be to
mount thin metal plate, isolated from the stage on the surfaces of the pro-
trusions and measuring capacitance between the plates and the readout
plate, with the system ground acting as a shield. That would make the
whole thing a three terminal capacitor, shielded from external influences.
Figure 4.2: Schematic of the STM device mounted onto the copper plateu, with the
battering ram sample cleaver mounted in its intended position. The cleaver is mounted
onto the gold-colored suspender above the STM device.
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Chapter5
Conclusion
It has been shown that microphonics do not introduce significant noise in
the current setup. The mass-spring vibration damping system is not capa-
ble of fully removing the noise from the pulse tube and the lifting of the
pulse tube will be necessary in the future. White noise will be the limiting
factor if the vibrations due to the pulse tube are reduced by another factor
of about three. The battering ram sample cleaver is suitable for use at low
temperatures. The rotating stage works at room temperature, samples of 1
mm in size can be effectively located. Low temperature operation was not
achieved.
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